Following skin wounding, the healing outcome can be: regeneration, repair with normal scar tissue, repair with hypertrophic scar tissue or the formation of keloids. The role of chemical factors in wound healing has been extensively explored, and while there is evidence suggesting the role of mechanical forces, its influence is much less well defined. Here, we provide a brief review on the recent progress of the role of mechanical force in skin wound healing by comparing laboratory mice, African spiny mice, fetal wound healing and adult scar keloid formation. A comparison across different species may provide insight into key regulators. Interestingly, some findings suggest tension can induce an immune response, and this provides a new link between mechanical and chemical forces. Clinically, manipulating skin tension has been demonstrated to be effective for scar prevention and treatment, but not for tissue regeneration. Utilising this knowledge, specialists may modulate regulatory factors and develop therapeutic strategies to reduce scar formation and promote regeneration.
example of a species with the ability to regenerate a limb after full amputation. Vinarsky et al observed that matrix metalloproteases (MMP) are upregulated within hours of limb amputation, suggesting the necessity of remodelling the extracellular matrix (ECM) during the regenerative process. [5] The blastema formed at the amputated limb is absent of myofibroblast and alpha-smooth muscle actin (α-SMA),
reflecting the lack of cell contraction compared to other vertebrate counterparts. [6] These clues lead us to speculate that the soft salamander skin and its non-contractile nature serve as an important mechanical niche for its regenerative capacity.
| Murine skin regeneration and scarring
The African spiny mouse (Acomys) was shown to regenerate up to 70% of its skin, including all appendages, after full-thickness skin wounding. Mechanical tests have shown that the typical laboratory mouse (Mus musculus) skin is 20 times stronger (2.3 ± 0.2 MPa vs 0.11 ± 0.03 MPa) than Acomys and requires 77 times more energy to break. [7] The softness of Acomys skin may be explained by its absence of α-SMA, decoupled upregulation of cytokines and chemokines, and ECM production induced by transforming growth factor-beta (TGF-β)
upon wounding. The fact that Acomys wounds heal with an ECM profile similar to that of fetal wounds suggests it builds a relatively lower stiffness environment suitable for skin regeneration. [8] Evolutionarily speaking, possessing skin which breaks easily provides an opportunity for Acomys to escape from predators. We speculate that this design also provides an environment better suited for skin regeneration rather than scar formation.
Mus musculus is a loose-skinned animal whose skin stiffness, though higher than Acomys, is still much lower than that of human or porcine. [9] We speculate this may be a reason why scarring, particularly hypertrophic scarring (HTS), is rarely observed in the mouse. However, stretching the mouse skin results in an increased number of myofibroblasts, [10] supporting the work of Wong et al where stiffening skin through stretching initiates mechanotransduction pathways. [11] Based on this principle, Gurtner's laboratory developed a stretch device which induces HTS that would otherwise not form on mouse skin. [11] 
| Adult human scarring and scarless fetal wound healing
Skin mechanical properties and resting stress levels differ by species. [12] Human skin experiences approximately three times the resting stress compared to adult murine (0.13 vs 0.05 N/mm 2 ) and increases twofold during wound healing. This difference may be one of the underlying reasons why humans are much more prone to scar formation than mice. At rest, human skin experiences 0.4-0.98 N of force whereas wound healing skin experiences 0.6 to 2 N. [13] Moreover, the natural mechanical properties differ by body region and have been identified as important aetiological factors in keloid formation, where areas of greater mechanical stimulation show an increased incidence of keloid formation. [14] How to utilise this principle to minimise scarring clinically will be addressed in Part IV.
Mammalian fetal skin also provides insight into what could help to reduce scar formation during wound healing. The mechanical properties of fetal skin ECM has been speculated to contribute to scarless healing. [15] [16] [17] [18] Fetal mouse skin shows low levels of resting tension and does not form significant scar tissue; however, when tension equivalent to human skin is applied, HTS-like fibrosis forms. [16] On the molecular level, fetal wounds possess no or relatively few inflammatory cells, [19, 20] high prolonged levels of hyaluronic acid, [21, 22] elevated ratio of type III to type I collagen, [23, 24] low number and less mature mast cells [23, 25] and low expression of TGF-β1 and TGF-β2. [26] [27] [28] These characteristics are similar to those found in the features of Ambystoma mexicanum. [6, 29] We postulate that fetal scarless healing may be the result of an anti-inflammatory effect due to its innately low resting tension environment. [16, 30] Similarly, Acomys also shows a blunted inflammatory response upon wounding. Compared to mus Musculus counterparts, Acomys wounds showed minimal production of chemokine ligands Cxcl1, Cxcl3, Cxcl5, Csf3 and IL-1β, and downregulation of IL-4. [8] We know that the release of TGF-β from its latent form requires mechanical force; [31] whether this blunted inflammatory response is related to its soft-ECM environment remains to be elucidated.
| MECHANOBIOLOGY OF THE SKIN
The tension of our skin varies in different regions of our body, and is closely associated with body movement, age and other factors. [32] In general, an increase in skin tension leads to the elongation or expansion of the ECM and cells, with the tissue as a whole becoming more rigid or stiff. The increase in tissue stiffness can also be achieved by either increasing cell contraction forces, ECM deposition or specific cell types as they all contribute to the constituents of the skin's mechanical environment. [32, 33] 
| Skin as an anisotropic biomaterial
The skin continuously senses and adapts to a wide range of mechanical cues. These physical interactions regulate key developmental and homoeostatic mechanisms which underlie functions and behaviours of the skin. [32] One of the earlier identifications of intrinsic skin tension was the discovery of Langer's lines. These are topographical skin lines which parallel the direction a circular wound would elongate in different anatomic regions of the body. [12] Presumably, the alignment of the underlying ECM, cells and muscles all take part in forming these physically significant yet invisible lines.
The homoeostasis of mechanobiology means to reach a balance in the intricate force transmission amongst the ECM, the cytoskeleton and the intracellular signals. [12, 34] On the other hand, wound healing is a complex and dynamic process in which cells are being activated via inflammatory signals to migrate, proliferate and remodel the ECM in order to replace the missing structures and tissue layers. TGF-β, one of the most recognisable inflammatory signals released by cells during an injury, activates the resting epithelial and fibroblast cells around the wound edge to reorganise the cytoskeleton and migrate [35, 36] to re-epithelialise the wound, and induces the cells located further from the edge to close the gap through proliferation. ECM, such as collagen, is deposited by leading cells and underlying fibroblasts to pave the way for cells to join together and migrate more efficiently. [31] This new deposition changes the content and stiffness of the ECM and the wound. Normal unwounded skin has a stiffness of 0.75 N/mm, [13, 37] whereas scar contracture have a high ECM stiffness of 3 N/mm. [38] An increase in ECM stiffness is a potent activator of fibroblast contractility. Mechanical signals are transmitted from the ECM via integrin-FAK signalling to the fibroblast's cytoskeleton.
Reciprocally, this results in the contraction of the ECM to reduce the wound area. [39, 40] It is generally accepted to designate fibroblasts which gain the ability to contract as myofibroblasts, whose origin can vary and is still highly controversial. [41, 42] A myofibroblast is characterised by the production and binding of α-SMA and myosin II to the cytoskeleton of the cell. [43] The increased tissue stiffness provides a microenvironment which enables the cells to exert even greater mechanical forces on the ECM, creating a feedback loop that generates greater intracellular forces to elicit enhanced mechanoresponses.
[44]
| Coupling of mechanical forces and chemical signalling molecules
Mechanical and chemical signals are interdependent. Several basic cellular processes, including cell cycle and DNA synthesis, are strongly regulated by the changes in cytoskeletal organisation and lead to expression control in the nucleus. [45] The cytoskeleton is anchored to the ECM via focal adhesion kinase (FAK). FAK has been highly implicated in mechanotransduction processes and linked to numerous cell processes such as attachment, survival, proliferation, motility, inflammatory signalling and collagen production. [46] Gurtner's group has shown that FAK modulates fibroblast contraction and motility and mediates strain-induced collagen and chemokine production in mice. [11] Human dermal fibroblasts may be mechanically activated via FAK-ERK (extracellular-related kinase) pathways to produce TGF-β-induced collagen [47] and profibrotic chemokine monocyte chemoattractant protein-1 (MCP-1). [11] The loss or reduction in FAK signalling dampened inflammatory signalling and cell recruitment following injury, a response normally activated by mechanical tension during wound healing. [48] A major downstream target of FAK signalling is the phosphatidylinositol 3-kinase (PI3K) pathway. PI3K activates serine/threonine kinase (Akt) and mammalian target of rapamycin (mTOR). [49] PI3K/Akt pathways have been linked to fibroblast motility, contraction, collagen I expression and differentiation into myofibroblasts. [50, 51] mTOR mediates TGF-β induced epithelial-to-mesenchymal transition (EMT) in the fibroblast [52] and plays regulatory roles on numerous ECM proteins. [53] These findings suggest that the PI3K/Akt/mTOR modulators probably contribute to the formation of scaring initiated by the ECM-integrin-FAK axis.
Wingless/Int (Wnt) and yes-associated protein 1 (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) signalling have also been linked to the pathophysiology of fibrosis. Tissue mechanics have been shown to orchestrate Wnt-dependent human embryonic stem cell differentiation. [54] Activation of Wnt signalling is associated with several skin fibrotic disorders such as scleroderma, [55, 56] whose activity is required for TGF-β-mediated fibrosis. [57] Moreover, blockade of Wnt signalling ameliorates dermal fibrosis. [58] YAP and TAZ are two transcriptional co-activators from the Hippo signalling pathway that also enter the nucleus upon mechanical stimulation to associate with transcription factors such as Runt-related transcription factor (Runx) and TEA domain family member (TEAD). [59] YAP/TAZ have been extensively studied in their role in cell proliferation, organ size control, stem cell fate and cancer, [60] [61] [62] [63] and are upregulated during wound healing. [64] Knock-down of YAP/TAZ in full-thickness skin wounds markedly delayed the rate of wound closure and reduced TGF-β expression in the wound. [65] Lastly, the activation of YAP/TAZ requires the signalling of Integrin/FAK via the ECM. [64] As alluded, these pathways converge into an intricate network which governs the mechanochemical coupling stimulation of the cell. 
| REPAIR VS REGENERATION WOUND HEALING

| WIHN, the regenerative model for adult skin
It has long been thought that if hair follicles are completely lost from the skin, new skin appendages cannot reform de novo in adult mice.
Interestingly, wound-induced hair neogenesis (WIHN) occurred when a full-thickness wound of sufficient size (>10 mm) was created on the mouse; new hair follicles developed in the centre of the wound. [66, 67] Subsequent studies showed chemical factors such as Wnts, FGF9 and dsRNA modulated this process. [68] [69] [70] Intriguingly, new hairs formed only in the centre of the wound and not in the periphery of the wound.
This suggests wound repair and regenerative wound healing may work in competition, with the microenvironment of the wound margin favouring repair and wound closure, whereas cells in the wound centre favoured regeneration.
Classic interpretation of wound closure adopts the purse-string model, in which the cells in the wound edge are linked together laterally on an invisible string, and the wound is closed as if the string were pulled to converge the cells together. [71] This mechanism employs actomyosin ring contractions along the leading edge of the wound. [72] With this perspective, the distribution of mechanical force generated by this contractile ring should decrease radially towards the centre. In contrast to how a stiff environment leads to scarring, we speculate that a soft environment characterised by low force generation and low ECM deposition should foster an environment for regeneration and hair neogenesis. This attractive speculation may explain why no hair neogenesis has been observed to occur within a small wound (<3 mm), [73] in which the wound centre is too close to the wound margin and therefore too stiff. Billingham and Russell placed a brace to limit wound contraction around a wound made on rabbit skin and observed that hair neogenesis occurred in the centre of the wound. [74, 75] Nelson et al [70] demonstrated that by making microcuts around the wound margin both the area of the wound and number of newly regenerated hair increased. We speculate that in addition to the facilitative role of dsRNA in generating more hair follicles, these microcuts disrupted the "purse-string" generated by actomyosin ring and disturbed the tension line and overall mechanical force during wound closure to foster a softer wound bed for hair neogenesis.
| Is a soft environment facilitative to regenerative wound healing?
We postulate that repair (scarring) competes with regeneration during wound healing; therefore, to enhance regeneration, one needs to revert or shift both biochemical and mechanical signalling from repair to regeneration (Figure 1 ).
| TGF-β1
The release of latent TGF-β1 activation requires the synergistic work of the ECM, integrin and a mechanical force. Hinz used a "sweet"
analogy to describe the mechanical activation of latent TGF-β1 by the ECM. [31] His model consisted of a stabilised rubber band (ECM) tied via integrin adhesion, to one end of a wrapped candy (TGF-β1). In order to release the candy from its wrapper (LAP), the candy wrapper needs a mechanical pulling force to stretch the rubber band (ECM and integrin activation) and eventually unwrap the candy. The signal transmitted to the integrin is enhanced by either increasing ECM stiffness or cell contractile force, thus lowering the threshold for TGF-β1 activation. However, fostering a soft environment hampers TGF-β1 activation and limits scarring-related signals, which may facilitate hair neogenesis during wound healing.
| Immune response
Wong et al performed microarray analysis to compare gene expression in stretched vs non-stretched wounds in a murine HTS model and showed that mechanical stimulation was highly associated with sustained T-cell-dependent Th2 cytokine (IL-4 and IL-13) and chemokine (MCP-1) signalling. [76] These findings indicate that T-cellregulated fibrogenic pathways are highly mechanoresponsive and suggest that mechanical forces induce a chronic-like inflammatory state through immune-dependent activation of both local and systemic cell populations. [76] Furthermore, both African spiny mouse and fetal wounds show a blunted inflammatory response which may contribute to their respective scarless wound healing. [8, 77] We postulate that a soft environment reduces inflammatory response and scarring, shifting the paradigm towards regenerative wound healing.
| An integrative model of placode formation during WIHN
We hypothesise that mechanical forces play an important role in regenerative wound healing. Placode formation, a process characterised by the activation of epithelial cells and their collective invagination into the dermis, is an essential step in early hair neogenesis. [68, 69, 78] We reason that while placode formation may be initiated by different chemical morphogens, the mechanical environment of the wound can modulate the response by influencing the cell activation state, basement membrane remodelling and dermal condensation. Here, we propose a tree-root model to describe the epidermal-dermal relationship, where in order for a root (hair placode) to grow into the soil (dermis), a softened soil would facilitate this process. Gay et al [79] have shown that during human hair placode formation, the invaginating epithelial cells are marked by EMT-related transcription factors such as snail/slug, which potentially reflect their downstream targets of MMP genes and related activities. We speculate that MMP activity is required at the tip of placode in order to digest its way into the dermis to complete the invagination process. Softening the mechanical environment of the dermis may facilitate this process and foster a better niche for hair placode formation and neogenesis.
| MECHANOBIOLOGY OF CUTANEOUS SCARRING AND MECHANOTHERAPY
| Evaluation of tissue stiffness using acoustic imaging
The changes in ECM content during scaring make tissue stiffness amenable to being characterised with acoustic imaging, such as Acoustic Radiation Force Impulse (ARFI) and Shear Wave Elasticity Imaging (SWEI), to portray information regarding the stiffness of the target tissue. [80, 81] This advancement has allowed progressive tissue stiffness to be evaluated non-invasively, serving as a valuable tool in the clinical understanding of progressive tension and maladaptive wound repair. [82] F I G U R E 
| Tension, keloids and HTS
We currently believe that HTS and keloids represent successive or alternative stages of the same underlying fibroproliferative pathological lesion and that the progression into one or the other classical form may be determined by a variety of proinflammatory risk factors, including mechanical forces. [83] This notion is supported by a number of observations, including the fact that keloids may grow from mature scars and that HTS may be generated by mechanical forces in experimental animal models. [84] Mechanical forces not only promote keloid and HTS growth, but also act as a primary trigger for their generation. This is supported by a statistical study of 1500 anatomic regions in Asian patients which showed keloids occurring at specific high skin tension sites, including the anterior chest, shoulder, scapular and lower abdomen-suprapubic regions. [85] The anterior chest skin is regularly stretched horizontally through upper limb movements, the shoulder and scapula skin are constantly stretched through upper limb movements and body bending motions, and the lower abdomen and suprapubic skin regions are stretched hundreds of time a day through sitting and standing motions.
Keloids grow and spread both vertically and horizontally, and the direction of their horizontal growth results in characteristic shapes which depend on their location (Figure 2 ). These patterns may reflect the predominant directions of skin tension, [86] which has been further supported by the finite element analysis (Figure 3 ). We speculate that individual (genetic) variation in scar responsiveness to skin tension may explain why keloids have a different growth pattern from HTS and normal scars.
We recently demonstrated that keloid fibroblasts produce high levels of ECM when cultured on a stiff substrate, which is mediated through the nuclear translocation of Runx2. On the other hand, this fibrogenetic behaviour of keloid fibroblasts is ameliorated when the cells are seeded on a soft substrate and are accompanied by the downregulation of Runx2 in the nucleus. [87] This study further exemplifies the importance of mechanical force in the pathogenesis of keloids.
| Clinical control of skin tension for scar prevention and treatment
Cutaneous scarring is the most representative skin disorder with mechanobiological dysregulation. Many lines of evidence in recent years suggest that mechanical force may be an important cause of such pathological scar development. [88, 89] This notion is further supported by various empirical mechanotherapies for scar prevention and treatment.
| Pharmacological strategies
Several medications have been developed to target the mechanotransduction signalling pathways. PF-573228, an ATP-competitive inhibitor of FAK, effectively uncouples mechanical forces from pathological scarring. [11] Caveolin-1 (CAV1) has been linked to the regulation of focal F I G U R E 2 Characteristic shapes of keloids are determined by skin tension. Keloids on the shoulder grow in a "butterfly" shape, whereas the anterior chest grows in a "crab's claw"-like pattern and the upper arm grow in a "Dumbbell shape"-like pattern. In the case of the anterior chest wall, the horizontal direction of tension is caused by pectoralis major muscle movement. Thus, the butterfly shape is formed. The crab's claw shape is formed if multiple folliculitis/acne is present. In the case of the upper arm, keloids were developed by vaccination at childhood. Direction of tension is vertical during growth due to upper arm and daily movement, forming the dumbbell shape F I G U R E 3 Computer Simulation of Skin Stretch. The mechanical force distribution of keloid scar by finite element analysis showed high skin tension at the keloid edges. When the skin is stretched, high tension areas are developed on the junction between hard scar and soft healthy skin. Comparison between clinical appearance shows that inflammation is strong at the high tension area. In this area, angiogenesis and accumulation of collagen are accelerated. This is supported by the fact that histological keloid sections that move from the periphery to the centre exhibit a gradual decrease in the intensity of key features of inflammation, such as the presence of microvessels, fibroblasts and inflammatory cells. In addition, keloid expansion occurred in the direction of dominant skin pulling and the stiffness of the skin at the keloid circumference correlated directly with the degree of skin tension. These observations together strongly support the notion that skin tension associates closely with both the pattern and the degree of keloid growth. (Permission to reproduce from Akaishi et al [86] ) adhesions and integrin-mediated actin remodelling [90] and has been shown to play an important role in keloids' aberrant responsiveness to mechanical stimulation. [87] Thereafter, peptidergic drugs targeting CAV1 may be a promising strategy. [91] CD47, known as integrin-associated protein (IAP), has shown an anti-fibrotic effect in scleroderma and other fibrosis-related diseases. [92] There are anti-fibrotic strategies aiming to prevent TGF-β activation via traction forces mediated by integrins. [93, 94] Targeting these mechanosensory molecules may be an alternative approach to TGF-β-induced cutaneous scarring.
| Wound and scar stabilisation materials
To limit skin stretching and external mechanical stimuli during wound healing/scarring, wounds or scars should be covered by fixable materials such as tape, bandages, garments or silicone gel sheets. A randomised controlled trial showed tape fixation helping to prevent HTS formation post-Caesarean section in 70 subjects: the scar volume was significantly lowered when paper tape was applied. [95] Other randomised controlled trials show silicone gel sheeting significantly reduces the incidence of HTS or keloids. [96] The computer analysis of mechanical force conditions around scars has also shown silicone gel sheeting reduces the tension at the scar edges.
[97]
| Sutures
The observations described above, and how keloids and HTS arise from the dermis, led us to speculate that a reduction in tension on the wound dermis may reduce the risk of postsurgery keloid and HTS formation. [88, 89] Therefore, we used subcutaneous/fascial tensile reduction sutures which placed the tension on the deep fascia and superficial fascia layer; the wound edges may thus be joined naturally under very small tension, avoiding dermal sutures.
The consequences of this suturing strategy are that wound edges are elevated smooth with minimal tension on the dermis. Our preliminary evidence suggests this approach to effectively hinder the development of large scars. [88, 89] 
| Skin grafting, flaps and Z-plasty
Keloids may be treated surgically in two ways: radically resection or mass reduction. For both types of approaches, skin grafting or flap transfer with postoperative radiotherapy may be required if the keloid is too difficult to excise completely and suture directly.
However, skin grafting is associated with two problems, namely keloid recurrence at the skin graft margins and depigmentation at the skin graft centre. As our computer simulation studies suggest that tension on the edge of the keloid will be reduced if there is soft tissue under the keloid (data not shown), we are currently attempting to utilise flaps with fat under the skin to reduce the tension on skin flaps during keloid reconstruction. Our preliminary study on 20 patients with huge keloids, who were treated with such flaps and postoperative radiotherapy in our facility, suggests that all cases had uneventful postoperative courses and did not exhibit keloid recurrence. [88] While a longer follow-up period is needed to confirm these observations, current results are encouraging.
Z-plasty is also used to decouple long keloids and HTS, especially those located on a joint (Figure 4 ). When scars are segmented into short sections, they tend to mature in a relatively short time. We can effectively use z-plasty for limb parts, namely the shoulder joint, the axilla, the elbow joint, the wrist joint, the finger joints, the groyne region, the knee joints and the foot joint.
| CONCLUSION
Tension plays a critical role in repair and regenerative wound response. Through modulating tension, we can regulate the course of wound healing. By studying wounds from intraspecies individuals of different ages or paralleled comparison of interspecies with robust regenerative ability, we can be inspired to do better wound management and promote the formation of fully functional skin after wound healing. The scheme of repair vs regeneration may be viewed from both the biochemical and mechanical perspectives, as many key signalling pathways appear mechanochemically coupled. Current therapeutic strategies based on principles of reducing skin tension have allowed wounds to heal with reduced scarring; however, full skin regeneration still remains to be desired. Mechanobiology provides a promising approach, whose mechanisms during regenerative wound healing beget further investigation.
F I G U R E 4 Z-plasty releases tension and decreases inflammation.
A typical case of hypertrophic scar was excised and reconstructed using Z-plasty method. Postoperative view after 3 months (POM3), 6 months (POM6), 9 months (POM9) and 12 months (POM12). According to the releasing tension, inflammation decreased gradually and maturation of scars accelerated POM3 POM6 POM12 PO Design
